Glial cells are traditionally regarded as elements for structural support and ionic homeostasis, but have recently attracted attention as putative integral elements of the machinery involved in synaptic transmission and plasticity. Here, we demonstrate that calcium-binding protein S100B, which is synthesized in considerable amounts in astrocytes (a major glial cell subtype), modulates long-term synaptic plasticity. Mutant mice devoid of S100B developed normally and had no detectable abnormalities in the cytoarchitecture of the brain. These mutant mice, however, had strengthened synaptic plasticity as identified by enhanced longterm potentiation (LTP) in the hippocampal CA1 region. Perfusion of hippocampal slices with recombinant S100B proteins reversed the levels of LTP in the mutant slices to those of the wild-type slices, indicating that S100B might act extracellularly. In addition to enhanced LTP, mutant mice had enhanced spatial memory in the Morris water maze test and enhanced fear memory in the contextual fear conditioning. The results indicate that S100B is a glial modulator of neuronal synaptic plasticity and strengthen the notion that glial-neuronal interaction is important for information processing in the brain.
S
everal lines of evidence suggest that glial cells play an active role in excitatory neurotransmission in the central nervous system (1, 2) . For instance, astrocytes can release glutamate in response to physiological increases in their intracellular calcium concentration, and then evoke substantial glutamatergic currents in neighboring neurons (3) . Oligodendrocyte precursor cells directly receive glutamatergic inputs from hippocampal pyramidal neurons (4) . These findings, together with earlier studies showing that glial cells express many types of neurotransmitter receptors and respond to neurotransmitter by generating slowly propagating calcium waves (5) , suggest that glialneuronal reciprocal signaling may play a role in synaptic plasticity and eventually in information processing in the brain. Indeed, this notion has been supported by the findings that the mice devoid of glial fibrillary acidic protein (GFAP: an intermediate filament specific to astrocytes) showed enhanced longterm potentiation (LTP) in the hippocampal CA1 region and decreased long-term depression in the cerebellum associated with impaired eye-blink conditioning (6, 7) . However, the molecular mechanism underlying glial-neuronal interactions is poorly understood.
One of the candidates that might be involved in glia-to-neuron signaling is the calcium-binding protein S100B. S100B is a member of the S100 family of proteins containing two EF-handtype calcium-binding domains (8) . The highest level of expression of the S100B protein is in the brain and is found primarily in the cytoplasm of astrocytes (9) . Results of in vitro studies suggest a variety of intracellular functions of S100B, including cell growth, cell structure, energy metabolism, and calcium homeostasis (8) . S100B is secreted from astrocytes, suggesting that it might also have extracellular functions. Exogenous S100B increases intracellular calcium concentrations in both cultured neurons and astrocytes (10) . Elevated neuronal calcium might affect calcium-dependent processes involved in synaptic plasticity, and the role of S100B in neuronal synaptic plasticity is a subject of debate (1) . Transgenic mice overexpressing human S100B exhibit impaired hippocampal LTP and spatial learning (11) . Transgenic mice overexpressing S100B might not be appropriate for evaluating the physiological roles of S100B, however, because overexpression of S100B partly mimics pathological conditions in some neuronal diseases, such as Down's syndrome and Alzheimer's disease (12, 13) . The constitutive overexpression of S100B might cause chronic neuronal damage (14, 15) . Thus, there is no clear consensus regarding the significance of this glial protein in neuronal synaptic plasticity.
To clarify the precise role of S100B in neuronal synaptic plasticity, we generated mice devoid of S100B by using gene targeting methods. We here demonstrate that the deletion of S100B enhances hippocampal synaptic plasticity and hippocampus-dependent learning and memory.
Materials and Methods
Generation of S100B-Null Mice. All experimental protocols were approved by the RIKEN Institutional Animal Care and Use Committee. A genomic clone of the murine S100b gene was isolated from 129͞sv genomic DNA FIXII library (Stratagene). A 3.5-kb SpeI-HindIII fragment including the entire S100b coding sequence was replaced by a neomycin selection marker, loxP-pgk-neo-loxP cassette. A 1.1-kb MC1-DT-A cassette, a negative selection marker, was added at the 3Ј end of the targeting vector. The E14 embryonic stem cell line was used for gene targeting. Homologous recombinant clones were injected into mouse C57BL͞6J blastocysts. Male chimeras were mated with C57BL͞6J females to obtain the heterozygous mice. The heterozygotes were further crossbred with C57BL͞6J mice five to seven times, and the resultant heterozygotes were interbred to obtain the wild-type and homozygous mice that were used in the present study. Genotypes were determined by Southern blot and͞or PCR. PCR primers used were GTF1 (5Ј-GAGACGCT-GGACGAAGATGG-3Ј), GTF2 (5Ј-CTTGACGAGTTCT-TCTGAGG-3Ј), and SR1 (5Ј-CTGGGAAGGGTTGGGGTT-TCA-3Ј). GTF1 and SR1 yield 280-bp fragments from the wild-type allele, and GTF2 and SR1 yield 160-bp fragments from the mutant allele.
embedding. Sagittal sections (4-m-thick) were used for hematoxylin-eosin staining and S100B immunohistochemical staining (anti-S100B monoclonal antibody, clone SH-B1, diluted 1:2500; Sigma). Immunoreactivity was visualized using a Vectastain ABC kit (Vector Laboratories).
Electrophysiological Analysis. Transverse hippocampal slices (400-m-thick) from adult mice (3-6 months old) were perfused in an immersion-type recording chamber with artificial cerebrospinal fluid (ACSF, in mM; 118 NaCl͞3 KCl͞2 CaCl 2 ͞1 MgCl 2 ͞1 NaH 2 PO 4 ͞25 NaHCO 3 ͞10 glucose) at room temperature. Field excitatory postsynaptic potentials (fEPSPs) were recorded in the CA1 stratum radiatum by using glass pipettes filled with ACSF. Test stimuli of 0.1-ms duration were delivered to the Schaffer collaterals at 0.05 Hz with a monopolar platinum electrode and fEPSPs were amplified using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA). The stimulus strength was adjusted to produce a response of 40-50% of the maximum fEPSP amplitude. fEPSP slope was calculated from the average of six responses evoked at 0.05 Hz and the magnitude of LTP was defined as the relative change in the fEPSP slope compared with the averaged baseline response monitored for 14 min before the tetanic stimulation. Stock solutions of drugs and recombinant S100B were dissolved in ACSF and stored in reservoirs. Drugs were applied by switching reservoirs. The electrophysiological experiments, except for D-APV [D(Ϫ)-2-amino-5-phosphonopentanoic acid] and picrotoxin treatments, were performed in a blind manner. Because we did not observed significant difference between genders, we pooled all data for analysis.
Calcium Imaging. Hippocampal slices (400-m-thick) were maintained in ACSF at room temperature for 1 h, and then incubated at 32°C for 1.5 h in ACSF supplemented by 10 M calcium green-1 AM (Molecular Probes), 0.06% pluronic acid, 5 M NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxaline-7-sulfonamide, and 10 M D-APV (final concentration of DMSO was 1.1%). Slices were then transferred to ASCF and incubated at room temperature for at least 1.5 h. Recording of fEPSP in the CA1 stratum radiatum and induction of LTP was performed as described above. Calcium green-1 was excited at 490 nm and fluorescence image (Ͼ515 nm) was obtained at the rate of 5 Hz, using a cooled CCD camera. Changes in dye fluorescence were expressed as ⌬F͞F0 values, with F0 being the baseline fluorescence intensity preceding the first tetanus.
Purification of S100B. S100B was expressed from a murine S100b cDNA in Escherichia coli and purified using anion-exchange and hydrophobic chromatography, as described (10) . The purified S100B was dialyzed against PBS, followed by oxidization with 5 mM sodium tetrathionate for 30 min (16). The mixture was dialyzed against PBS for 2 days at 4°C. After oxidation, approximately 80-90% of S100B consisted of disulfide-bonded dimers.
Behavioral Tests. Group-housed adult male mice (3-6 months old) were used throughout behavioral tests. The genotype of the mice was always unknown to the experimenter.
Morris water maze test. The water pool used in these experiments was 1 m in diameter and made of white polyvinyl chloride. The temperature of the water was held constant at 25 Ϯ 1°C. In the hidden platform task, the acrylic transparent platform (diameter 10 cm) was submerged 0.7 cm below the surface of water made opaque by adding nontoxic white paint. The location of the platform was fixed over a series of trials for each mouse. If the mouse located the platform within 60 s, the mouse was allowed to remain on it for 30 s. Mice that failed to find the platform within 60 s were manually guided to the platform and allowed to remain on it for 30 s. Mice were given four trials per day for 5 consecutive days. A different starting point was used in each of the four trials. The time taken to reach the platform (escape latency) was recorded. A probe test was performed 3 h after the last hidden platform trial. In the probe test, the platform was removed and each mouse was allowed to swim for 60 s. The swimming path length, time spent in the quadrant that had contained the platform (trained quadrant), and number of times the mice crossed the area where the platform had been located were recorded. Three days after the probe test, mice were tested in a visible platform task for 3 consecutive days. In this task, the platform was made visible by attaching a black cubic landmark to the platform. In all of these experiments, movement of each mouse was monitored with a CCD camera and processed with NIH IMAGE WM 2.12 (O'hara & Co., Tokyo), a modified version of the software based on the public domain NIH IMAGE program.
Contextual fear conditioning test. A fear conditioning shock chamber (10 ϫ 10 ϫ 10 cm high) was used. Mice were put in the chamber and conditioned by a single electrical foot shock (0.75 mA, 2 s). The mice were allowed to stay in the chamber for another 1 min for measurement of immediate freezing, and then placed back into their home cage. After 24 h, the mice were again put in the same chamber and monitored for 5 min without electrical shock. Movement of each mouse was monitored using a CCD camera and processed with NIH IMAGE FZ 2.17 (O'hara & Co.), a modified version of the software based on the public domain NIH IMAGE program.
Results

S100B-Null Mice Developed
Normally. S100B-null mice were generated by homologous recombination in embryonic stem cells. Fig. 1A illustrates the targeting vector, the wild-type S100b locus, the mutated S100b locus, and the external probes used for genotyping in Southern blot analysis (Fig. 1B) . Homozygous mutant mice completely lacked S100b mRNA and its product ( Fig. 1 C and D) . Mutant mice developed normally and were indistinguishable from the heterozygous and wild-type littermates. Mutant mice reached sexual maturity and both male and female mice were fertile. Despite several lines of evidences suggesting that S100B has trophic activity for glia and neurons (17) (18) (19) , no anatomical abnormalities were observed in mutant brains (data not shown). We observed no abnormalities in their home cage behavior for up to 18 months of age.
Hippocampal LTP Was Enhanced in the S100B-Null Mice. To examine the role of S100B in synaptic transmission, the Schaffer collateral-CA1 pyramidal cell synapses were analyzed in adult hippocampus. The input-output relationship, measured as the presynaptic fiber volley amplitude versus the slope of the fEPSP (data not shown), and paired pulse facilitation did not differ significantly between wild-type and mutant mouse slices, indicating that the basic synaptic transmission was normal in mutant mice ( Fig. 2A) . LTP was induced by tetanic stimulation (100 Hz, 1 s repeated twice with a 5-s interval), which was administered two times, 30 min apart (Fig. 2B) . The first tetanic stimulation evoked reliable LTP (first LTP) in both wild-type and mutant mouse slices. The second tetanisation further enhanced potentiation (second LTP) in both groups. The mutant mouse slices exhibited greater potentiation than the wild-type mouse slices in both the first [wild-type ϭ 134.9% Ϯ 5.2%, mutant ϭ 146.9% Ϯ 3.7%; ANOVA, F (1,24) ϭ 3.492, P ϭ 0.074] and second LTP [wild-type ϭ 157.7% Ϯ 5.2%, mutant ϭ 175.7% Ϯ 6.2%; ANOVA, F (1,24) ϭ 4.967, P Ͻ 0.05]. LTP at Schaffer collateral-CA1 pyramidal cell synapses is mediated by NMDA (N-methyl-D-aspartate) receptor-dependent mechanisms. To test whether NMDA receptor activation is required for the induction of a second LTP following a nonsaturated first LTP and whether the enhanced LTP is distinct from that in wild-type mice, we applied the NMDA receptor antagonist D-APV, before the second tetanus (Fig. 2C) . D-APV completely blocked the second LTP in both wild-type and mutant mouse slices, indicating that the second LTP in both genotypes is NMDA receptor-dependent. The increased LTP observed in mutant mice could be due to a facilitation in the induction mechanism for LTP, such as an impairment in GABA (␥-aminobutyric acid)-mediated inhibitory systems (20) . This is unlikely, however, because mutant mouse slices had an increased potentiation compared with wild-type mouse slices during both the first and second LTP in the presence of the GABA A receptor blocker picrotoxin [ANOVA, F (1,15) ϭ 8.566, P Ͻ 0.05 for the second LTP; Fig.  2D ]. To further investigate whether LTP induction is facilitated in mutant mice or whether naive synapses in mutant mice are more susceptible to LTP, we determined the level of saturated LTP. Tetanic stimulation was repeatedly applied at 10-min intervals (Fig. 2E) . The magnitude of the LTP approached saturation by the fifth tetanus. The amplitude of saturated LTP was significantly greater in mutant mouse slices compared with wild-type mouse slices, at 20 min after the fifth tetanus (wildtype ϭ 160.3% Ϯ 15.6%, mutant ϭ 202.2% Ϯ 15.4%; MannWhitney U test, P Ͻ 0.05). These data suggested that the expression mechanisms of LTP were altered in mutant mice. If the enhanced LTP was solely a result of facilitated induction, such as an increased Ca 2ϩ influx during potentiation, the level of saturated LTP would have been the same in both genotypes (21) . ]i) in neighboring astrocytes (22) . An increase in [Ca 2ϩ ]i in astrocytes at physiological levels triggers the release of glutamate from the astrocytes, and consequently stimulates neighboring neurons (3). Furthermore, alteration in stimulus-evoked calcium transient was reported in cultured cerebellar astrocytes derived from another line of S100B-null mice (23) . These findings raise the possibility that tetanic stimulation required for the induction of LTP is accompanied by D-APV completely prevented the second LTP in both wild-type (n ϭ 9 slices͞5 mice) and mutant (n ϭ 9 slices͞5 mice) mouse slices. (D) The mutant mouse slices (n ϭ 9 slices͞5 mice) had significantly greater potentiation than the wild-type mouse slices (n ϭ 8 slices͞5mice) in the presence of the GABA A receptor blocker picrotoxin (50 M). (E) Saturated LTP was induced by five tetanic stimulations at 10-min intervals. Mutant mouse slices (n ϭ 12 slices͞5 mice) had significantly greater potentiation than wild-type mouse slices (n ϭ 12 slices͞5mice) at the saturated state. Data represent mean Ϯ SE.
an enhanced [Ca 2ϩ ]i increase and glutamate release in S100B-null astrocytes. To investigate this possibility, we first examined whether mature hippocampal astrocytes responded to tetanic stimulation with an elevation in [Ca 2ϩ ]i. Slices were loaded with the fluorescent calcium indicator calcium green-1, which is preferentially sequestered in astrocytes (ref. 24 ; Fig. 3B ). Tetanic stimulation produced a rapid rise in [Ca 2ϩ ]i that peaked within 400 ms of the onset of the stimulation and decreased rapidly during the remaining stimulus period (Fig. 3C ) in the CA1 stratum radiatum (Fig. 3A) . The observed [Ca 2ϩ ]i increase in mature hippocampal slices shared some common features with those reported in young astrocytes (22) . The [Ca 2ϩ ]i increase was completely blocked by application of tetrodotoxin (TTX, 0.5 M; data not shown), and the AMPA (␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor antagonist NBQX (10 M; data not shown) and the NMDA receptor antagonist D-APV (50 M) did not block the [Ca 2ϩ ]i increase (Fig. 3D) . If the [Ca 2ϩ ]i increase originated from the dendrites of CA1 pyramidal neurons, it would be sensitive to both NBQX and D-APV (25, 26) . There were no differences observed in either duration or amplitude of the [Ca 2ϩ ]i transients in wild-type or mutant mouse slices (Fig. 3 E and F) . These results demonstrate that the [Ca 2ϩ ]i handling capacity of the S100B-null astrocytes was normal within the range of [Ca 2ϩ ]i changes evoked by tetanic stimulation, and that an alteration in astrocytic [Ca 2ϩ ]i does not explain the difference observed in LTP in mutant mice. Extracellular S100B Modulated Neuronal Synaptic Plasticity. S100B protein is released by astrocytes into the extracellular space (27, 28) and could directly modulate synaptic mechanisms. To test this possibility, we perfused a disulfide-bonded dimer of S100B (10, 29) throughout the recording period at a concentration of 1 g͞ml, which is equivalent to the concentration in extracellular fluid of rat hippocampus (27) . Exogenous S100B reversed the level of LTP in the mutant mouse slices to those of the wild-type mouse slices, whereas the same treatment did not affect the level of LTP in wild-type mouse slices (Fig. 4) . This result indicates that S100B mediates effects via the extracellular space and, possibly, by direct action on the neurons. Further, the result suggests that the enhanced LTP in mutant mice is not a consequence of developmental deficits caused by the chronic loss of S100B.
The S100B-Null Mice Exhibited Enhanced Spatial Memory. The spatial learning ability of mutant mice was examined by using the hidden-platform Morris water maze test, which depends on hippocampal function (30) . As shown in Fig. 5A , wild-type, heterozygous, and mutant mice improved their performance over 5 d of training. There was no significant difference in escape latency between genotypes on any day. Swimming path-length in the probe test and learning performance in the visible-platform task were not different between genotypes, indicating that mutant mice were normal in their vision, motor function, and the motivation required for the Morris water maze tasks (Fig. 5 B  and E) . In the probe test, however, mutant mice crossed the point where the platform had been located significantly more than the other genotypes [ANOVA and post hoc Tukey-Kramer test, F (2,53) ϭ 5.550, P Ͻ 0.05; Fig. 5D ]. Furthermore, mutant mice tended to spend a longer time in the trained quadrant than did the other genotypes [ANOVA, F (2,53) ϭ 2.442, P ϭ 0.097; Fig.  5C ]. The probe test better reflects spatial learning than the Amplitude of calcium transients evoked by the first and the second 100-Hz train are shown in E and F, respectively. There were no differences between wild-type (n ϭ 12 slices͞5 mice) and mutant (n ϭ 12 slices͞5 mice) mouse slices in all three areas. s.rad., stratum radiatum; s.lac.mol., stratum lacunosum molecular; s.or., stratum oriens; pyr., CA1 pyramidal cell layer. measure of escape latencies during training (31) . Therefore, these data indicated that mutant mice explored the platform site with higher spatial accuracy than did wild-type mice, suggesting superior spatial memory.
The S100B-Null Mice Exhibited Enhancement in Contextual Fear Memory. Finally, the associative emotional memory in mutant mice was examined by using the contextual fear conditioning test, which is also dependent on hippocampal function (32) . Animals learn to fear a spatial context in which the animals were conditioned by the electrical foot shock. Before conditioning, both wild-type and mutant mice did not show freezing behavior at all. There was no significant difference between genotypes in freezing behavior immediately after conditioning (Fig. 6A) . The freezing rate of mutant mice, however, was significantly higher than that of wild-type mice when they are tested at 24 h after conditioning [ Fig. 6 A and B; repeated-measure ANOVA, F (1,21) ϭ 6.563, P Ͻ 0.05]. There was no significant difference between genotypes either in nociceptive sensitivity to electrical foot shock or in locomotor activity assessed by the open field test (data not shown). The results indicated enhancement of contextual fear memory in mutant mice.
Discussion
Several previous reports suggested that the S100B protein functions as a trophic factor (17) (18) (19) . However, mice completely lacking S100B developed normally and there was no detectable abnormality in histological architecture of the mutant brain. There are two other S100 family proteins, S100A1 and S100A6 (33, 34) , that are expressed in rodent glial cells albeit at much lower levels than S100B. We found no compensatory expression of S100A1 and S100A6 mRNA in the mutant brain (data not shown). This observation together with our finding that addition of exogenous S100B to the perfusing media reversed the level of LTP in the mutant slices to those of the wild-type slices suggest that the function of S100B is not substituted by other gene products in the mutant mice. S100B-null mice exhibited enhanced performance in the hidden-platform task in the Morris water maze and the contextual fear conditioning together with an enhanced hippocampal LTP. Our results further strengthen the close correlation between hippocampal LTP and these behavioral paradigms.
Our data suggest that S100B modulates synaptic plasticity from the extracellular space. S100B can bind calcium (8) . However, the low concentration of exogenously applied S100B unlikely affect extracellular free Ca 2ϩ concentration. Popov et al. (35) reported alterations in S100 protein content in hippocampal slices during LTP. They showed that S100 protein content increased in the Triton-soluble membrane fractions and decreased in the water-soluble fractions at 1 h after tetanization. A fascinating hypothesis is that S100B secreted from astrocytes binds to a receptor on the neuronal membrane and drives subsequent signaling cascades involved in neuronal synaptic plasticity. RAGE (receptor for advanced glycation end products) is a receptor for a newly identified S100 family protein EN-RAGE (extracellular newly identified RAGE-binding protein) (36) . RAGE is expressed at the highest level in the lung but is also expressed in neurons in adult human brain (37). Huttunen et al. (38) reported that S100B induces neurite outgrowth in RAGE-transfected cells. Although it is unknown whether RAGE is an endogenous receptor for S100B, RAGE or RAGErelated receptors might play a role underlying the synaptic plasticity modulated by S100B. The signaling cascades driven by extracellular S100B in neurons remain elusive. Identification of receptors for S100B should provide further insight into the complex regulatory processes involved in synaptic plasticity and biological significance of S100B.
Elevation of S100B expression is observed in various pathological conditions such as brain injury, ischemia, and in various neuronal diseases (12, 13, (39) (40) (41) (42) . These observations, together with our present results, tempt us to speculate that S100B might negatively regulate neuronal activity with the beneficial effect of preventing neuronal damage associated with hyper activities. Such a function as an ''emergency valve'' would extend the recognition of glial cells as passive supporters of homeostatic processes to active elements.
In conclusion, the present study provides strong evidence that a glial protein directly modulates neuronal synaptic plasticity, learning, and memory. Molecular mechanisms of glial-neuronal interactions are more elaborated than previously assumed and further studies on this line are required to understand brain plasticity under physiological and pathological conditions. 
